This Page Is Inserted by IFW Operations 
and is not a part of the Official Record 

BEST AVAILABLE IMAGES 



Defective images within this document are accurate representations of 
the original documents submitted by the applicant. 

Defects in the images may include (but are not limited to): 



BLACK BORDERS 

TEXT CUT OFF AT TOP, BOTTOM OR SIDES 
FADED TEXT 
ILLEGIBLE TEXT 
SKEWED/SLANTED IMAGES 
COLORED PHOTOS 

BLACK OR VERY BLACK AND WHITE DARK PHOTOS 
GRAY SCALE DOCUMENTS 



IMAGES ARE BEST AVAILABLE COPY. 



As rescanning documents will not correct images, 
please do not report the images to the 
Image Problem Mailbox. 



Ministry of Justice 
Patent Office 



STATE OF ISRAEL 



D^EJOJnn T1QJT] 

u n u:mgn rum 1 ? 



This is to certify that annexed D^3~m ilTlUn^ 



hereto is a true copy of the ^ U^llJl D^JIUH HO 




Commissioner of Patents 



Certified 



For Office Use 



13 5 8 89 



noun 
Number 



Dale 

I) 5 -01- 2000 nmJ/tnpin 

Ante/Post-dated 



Orbotech, Ltd. 
P.O. Box 215 
Yavne 81102 



1967-T":>^nn ,t)>oit>on pin 

PATENTS LAW, 5727-1 .967 
Application for Patent 

085/01346 

Onmnnn Dipn - lawn >xi^ - itt>n ^pnnn di») 

I (Name and address of applicant, and. in case body coipurato-place of incorporation) 

215 .T.n 
81102 (TJIP 



rroym yin nDO nKSI3H ^ 

Owner, by virtue of 
(Hebrew) 

aviD tin mwi mmn nno 

(English) 



. f U3O0 n»7V 1™* O DMIl U>pll3 
hrrehv annlv lor a patent to be granted to me in respect increot. . 


- npiVn * 
Application of Division 


- idid uiua rvypi * 
Application for Patent Addition 


nnnp in nwm 
Priority Claim 


* 


xhod nvpnn 

from Application 

'on 

dated . .DVD 


030DVn\yp37 * 
to Patcnl/Appl. 

Nor ' DO 

.ln^H DVD 


ID'D/IDDD 
Number/Mark 


Dale 


TBNn nviD 
Convention Country 








P.O. A.: general / itidividual - 
filed in case 


- im>D/»y?:> :n3 »io» * 

- attached / to be filed later - 

1>iv3 wain 


^Hiii>»i D'DDom mynn jvtudV ivnn 
Address lor .Service in Israel 

— 'ffivn wosa — 

onmafl tywi 

rr»o 16 inn m 


wp:mn jiD^nn 

f \ypn»niW Signature of Applicant 


2*000 mv» urnrn 91 ovn 

of the year of This 


Fnr Office Use 



085/01346 



not nmw Law and Assig nment 

of an invention, the title of which is 



Pulse Light Pattern Writer 



Pulse Light Pattern Writer 



ORBOTECH, LTD. 
c:085/01346 



085/01346 




PULSE LIGHT PATTERN WRITER 
FIELD OF THE INVENTION ' 
The invention relates to devices for writing patterns using pulsed light beams in 
general, and of mode locked lasers in particular. An important application of the invention is in 
5 the production of printed circuit boards. 

BACKGROUND OF THE INVENTION 
In applications such as printed circuit board (PCB) production, a laser may be used to 
expose a pattern on a photoresist coating on a copper coated substrate. In a typical exposure 
system such as the DP 100 of LIS of Germany, a CW UV laser beam is scanned across the 
10 PCB surface, while its intensity is modulated in accordance with a raster pattern to be 
generated. The modulating device receives electronic pixel data supplied by control circuitry. 
In modern PCB production it is desirable to operate at high data rates to increase production 
speed. The practical data rate is limited by the modulation rate and/or the available laser power. 
In the production of PCBs utilizing UV sensitive photoresists a CW Argon Ion laser is 
15 often used. Although they are widely utilized as UV light sources, Argon lasers, being gaseous 
lasers, have a number of drawbacks such as their being complicated and delicate "to operate, 
poor maintainability and/or high price. 

Various methods for producing UV laser radiation are known. For example, one such 
method utilizes an IR solid state laser oscillator to generate mode locked high repetition rate 
20 laser light pulses. The wavelength of the IR mode locked laser light is converted to UV by 
passing the mode locked IR light pulses through a non linear medium. However, the utilization 
of such lasers to expose photoresist at high data rates is severely limited by a paradox inherent 
in the frequency conversion process, which is extremely non-linear. Frequency conversion 
becomes more efficient as power increases. 
25 Although mode locking is useful to obtain laser pulses each of which have a high peak 

power as is necessary to promote high efficiency frequency conversion, as the repetition rate of 
the laser pulses increases, for example in order to achieve increased data rates, peak power in _ 
individual pulses decreases and the resulting average UV power drops rapidly. Thus, for a 
given average IR power, the average peak power after frequency conversion drops as the 
30 repetition rate of the laser pulses increases, leading to reduced UV generation efficiency. 

Practically, using pulsed lasers to write raster patterns is problematic for various 
reasons. Modulating data at a rate exactly equal to the pulse repetition rate of a mode locked^ 
laser is problematic due to difficulties in high speed pulse and data synchronization. 
Conversely, modulating data at a rate different than the" pulse repetition rate of a mode locked 
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laser is problematic due to timing errors in which a pulse is not available at exactly the time 
required to write or expose a pixel which is supposed to be written or exposed. This latter 
problem is particularly prevalent when data rates for writing pixels approach or exceed the 
pulse rate of an exposing radiation sourde - such as a mode locked laser. 
5 U.S. patent 5,462,433 describes a device for use in electronic warfare for' delaying 

coherent RF signals with an adjustable time delay element. The RF signals are divided into 
multiple signal paths, some of the paths are delayed relative to the other paths, and then the 
delayed and non delayed paths are recombined to increase the pulse repetition rate. 

U.S. patent 4,205,348 describes a laser scanner employing an acousto-optic modulator 
10 configured to take advantage of the so-called Scophony effect to simultaneously information 
modulate and deflect an incident CW laser beam so that the beam tracks a facet of a polygon 
scanner. The system reduces blurring in images on a recording surface. 

An article entitled, "Pulsed Scophony Laser Projection System", J. B. Lowry et. al., 
Optics and Laser Technology Vol. 20 No. 5 (Oct 1988), describes the use of a pulsed laser 
15 illumination to. achieve a "freezing" effect instead of a scanning motion as is present in 
conventional Scophony modulators. In the absence of scanning motion in the image plane, the 
laser pulse repetition rate is both equal and well synchronized with the data modulation rate. 

SUMMARY OF THE INVENTION 
One broad aspect of some preferred embodiments of the invention deals with the use of 
20 amplitude modulation of a high repetition rate pulsed light beam, such as a pulsed UV laser 
beam, to transfer information and in particular to expose a photosensitive surface. In preferred 
embodiments of the invention, the surface is exposed "in a raster pattern and information 
modulation is asynchronous with the pulse repetition rate of the light pulses. 

In some preferred embodiments of the present invention, the pulse repetition rate of the 
25 light pulses is increased by a pulse repetition rate multiplier to a pulse repetition rate which is 
higher than the pulse rate of the light beam when emitted from its source. In some other 
preferred embodiments of the present invention, an overall data rate which is higher than the 
pulse rate is obtained by providing a multiplicity of data channels, each of which operates at a 
data rate lower than the overall data rate, wherein each data channel independently modulates 
30 data directed to spatially distinct regions addressed by the light beam. The data channels may 
be associated with a multichannel modulator or with separate modulators. 

Herein, a high pulse repetition rate light beam, such as is provided by a solid state laser 
diode pumped mode locked laser, is termed "quasi-CW". The combination of asynchronously 
modulating pulsed radiation, such as. by high pulse repetition rate mode locked laser radiation, 
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is termed "quasi-CW" modulation. Thus, one aspect of some preferred embodiments of the 
invention deals with using a data modulated quasi-CW pulsed light to expose a resist on a PC 
board. 

Quasi-CW modulation preferably employs a pulse repetition rate that is made high 
enough compared with the modulation data rate so as to minimize the timing errors resulting 
from the lack of synchronization between the two. The data rate is the maximum rate at which 
data, such as pixel data in a raster pattern, can be updated. When using quasi-CW modulated 
laser light to expose a photoresist in a rasterized pattern, the pulse repetition rate preferably is 
at least 2-3 times the modulation data rate to assure a smooth, error free written pattern. 

In some preferred embodiments of the present invention employing a quasi-CW 
modulating system, the pulse repetition rate may be less than 2-3 times the modulation data 
rate, and even less than one laser pulse per increment of the modulation data rate. 

In preferred embodiments of the invention the spatial location, on a recording medium, 
at which pulses begin to expose (or stop exposing) part of a raster pattern is at least partially 
spatially fixed, within the bounds of diffraction limitation during exposure by multiple laser 
pulses. Fixing the location may be accomplished, for example, by exposing pixels in a raster 
pattern with multiple partially overlapping pulses of variable spatial size wherein the spatial 
extent of the pulse is related to the location of the region being exposed in the raster pattern. In 
particular, the maximum extent of the laser pulse, is fixed (within the bounds of diffraction 
limitation such that it does not extend past a boundary of an area to be written. 

A preferred method of achieving this effect is to have the pulse incident on an acoustic 
wave modulator in which an acoustic wave having a leading edge and trailing edge is 
propagating.; The travel time of the acoustic wave is preferably sufficiently long so that when 
the modulator is impinged upon by at least some light pulses the leading edge or the trailing 
edge is at a different location in the modulator. Preferably the location of the leading edge or 
trailing edge of the acoustic wave is held in a fixed spatial relationship to an edge on the 
recording medium, in a run of pixels to be exposed thereon while an image of the modulator is 
scanned across the recording medium. Edge fixing is accomplished preferably by coordinating 
the velocity of the acoustic wave in the modulator and the velocity of scanning. 

In a broad aspect of some preferred embodiments of the invention, a pulse repetition 
rate below twice the pixel rate is used in exposing a photosensitive surface of a recording 
medium such as a photoresist. In such systems, a pixel may sometimes be exposed by a single^ 
pulse of energy and it may sometimes be exposed by two or more pulses of energy. The 
sufficiency of a single pulse to expose the photoresist is related to the energy profile of the 
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pulse, and the spatial segment of the pulse that exposes the recording medium. In general, 
utilizing twice the minimum power (as will occur when two pulses are generated) will not 
result in any substantial problems with the exposure. 

In some preferred embodiments^ f the invention the ratio of pulse rate to data rate is 
5 such that an average of between 1.1 and 2 pulses expose each pixel. In other preferred 
embodiments of the invention an average of between 0.75 and 2 pulses expose each pixel. 

In a broad aspect of some preferred embodiments of the invention a pulsed light source 
is used to expose a first region on a photosensitive recording medium having a first size and 
comprising a plurality of pixels. Each pulse exposes an area that is smaller in size than the size 
10 of the first region, and the first region is exposed, pulse by pulse, by multiple partially 
overlapping pulses from the pulsed light source. Preferably, the spatial size of the area exposed 
by each pulse varies in relation to its location in a pattern to be exposed. Additionally, at least 
one edge in the area exposed by at least some pulses is fixed relative to an edge in the first 
region. - 

1 5 A broad aspect of some preferred embodiments of the invention deals with the use of a 

pulsed laser, the pulses of which are synchronized in time with the data modulation and having 
the same repetition rate in a PCB writing system. From a practical point of view however, the 
requirement that the pulse rate be exactly the same as the data rate and that the pulses be 
individually turned on and off make such a device more difficult to implement than the quasi- 

20 CW embodiments of the invention. 

In some preferred embodiments of the invention, an initial pulsed laser beam is 
wavelength converted to a second laser beam. Preferably the initial laser beam is an IR beam 
and the second beam is a UV beam. This embodiment allows for efficient generation of a UV 
beam having a power high enough for exposing a photoresist coated PC board and a pulse 

25 repetition rate high enough, for quasi-CW modulation. 

A broad aspect of some preferred embodiments of the invention is concerned with the 
provision of pulsed light systems that are practical for direct writing on photoresists in the 
production of PCBs. Preferably, the system comprises a pulsed UV laser light source and a 
pulse rate multiplication device which multiplies the pulse repetition rate of the UV laser light. 

30 In one aspect, some preferred embodiments of the present invention allow for data rates higher 
than the laser* s pulse repetition rate prior to the multiplication. Additionally and alternatively, 
portions of the UV laser light are independently and spatially modulated at a data rate that is 
suitable to be quasi-CW modulated, and the data rate used to modulate each portion is lower 
than the overall data rate. 
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In some preferred embodiments of the invention, a laser writing system, for example, 
for directly imaging PCBs, is provided. This system preferably utilizes a high power solid state 
pulsed laser at a relatively long wavelength and low repetition rate, for example an IR mode 
locked laser oscillator operating at about' 80 MHz and preferably having an average power of at 
least 1W. The system transforms this laser light to UV, preferably using a non linear optical 
medium. The pulsed UV light is amplitude modulated and used to scan and expose a PCB 
coated with a UV sensitive resist to form a pattern. 

Preferably, the UV light comprises a quasi-CW train of pulses as described above, such 
that methods known in the art may be used to modulate the UV light and utilize it to scan the 
area to be exposed. 

There is thus provided, in accordance with a preferred embodiment of the invention, 
apparatus for producing high repetition rate optical pulses, including: 

a pulsed laser operating at a first laser frequency that produces an initial laser beam 
operating at an initial pulse rate and having an initial laser frequency; 

a laser frequency converter that increases the initial laser frequency to produce a second 
laser beam having a second, higher, laser frequency; and 

a pulse repetition rate multiplier, which receives the second laser beam and produces at 
least one pulsed third light beam, having a higher pulse repetition rate than the initial rate. 

There is further provided, in accordance with a preferred embodiment of the invention, 
a method for producing high repetition rate laser pulses, comprising; 

providing a first laser beam pulsed at a first pulse repetition rate and having an initial 
laser frequency; 

converting the laser frequency to a higher frequency to produce the a second pulsed 
beam at a second laser frequency higher than the initial laser frequency and having the initial 
pulse repetition rate; 

multiplying the pulse rate of the second pulsed light beam to produce at least one pulsed 
third light beam having a higher pulse repetition rate than the initial rate. 
Preferably, the second laser beam comprises a UV beam. 
Preferably, the initial laser beam is aa IR beam. 

Preferably, the pulse rate of the at least one third pulsed light beam is at least 80 MHz. 

Preferably, the at least one third pulsed light beam comprises a plurality of light beam 
elements each of which has said higher pulse rate. 

There is further provided, in accordance with a preferred embodiment of the invention, 
apparatus for transmitting information at a data rate, comprising: 
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a pulsed light source that produces pulsed light having a pulsed repetition rate; and 

a modulator that asynchronously modulates the pulsed light at the data rate. 

Preferably, the pulsed light source is a line source and wherein the modulator spatially 
modulates the line. Preferably, the' modulator independently modulates different sections of the 
5 line at the data rate. 

In a preferred embodiment of the invention, the data rate is substantially higher than the 
pulse repetition rate. For example, in various preferred embodiments of the invention, the pulse 
repetition rate is at least twice or at least twice, at least three time or at least four times the data 
rate. 

10 In an alternative preferred embodiment of the invention, the pulse repetition rate is 

greater than the data rate but less than twice the data rate. For example, in various preferred 
embodiments of the invention, the pulse repetition rate is less than 1.8, less than 1.5, less than 
1 .3 or less than 1 . 1 times the data rate. 

In an alternative preferred embodiment of the invention, the pulse rate is lower than the 

15 data rate. For example, in various preferred embodiments of the invention, the pulse repetition 
rate is greater than three-quarters of the data rate. Preferably, the pulse repetition rate is less 
than nine-tenths of the data rate. 

In a preferred embodiment of the invention, the pulsed light is laser light, preferably, 
comprised in a beam. 

20 There is further provided, in accordance with a preferred embodiment of the invention, 

apparatus for recording an image on a photosensitive surface, comprising: 

a pulsed light source that produces pulsed light having a pulsed repetition rate; 
a modulator that modulates the pulsed light at a data rate; and 
a scanner that scans the modulated pulsed light over the surface. 
25 Preferably, the pulsed light source is a line source and wherein the modulator spatially 

modulates the line. Preferably, the modulator independently modulates different sections of the 
line at the data rate. 

In a preferred embodiment of the invention, the modulation is asynchronous with the 

pulses: 

30 In a preferred embodiment of the invention, the modulated light scans over the surface 

in a first direction and the surface moves in a direction perpendicular to the direction of 
scanning such that the surface is illuminated by a raster scan. 

In a preferred embodiment of the invention, the photosensitive surface is a photoresist. 
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In a preferred embodiment of the invention the data rate is the same as the pulse 
repetition rate. 

In an alternative preferred embodiment of the invention, the data rate is. substantially 
higher than the pulse repetition rate. For example, in various preferred embodiments of the 
invention, the pulse repetition rate is at least twice or at least twice, at least three time or at 
least four times the data rate. 

In an alternative preferred embodiment of the invention, the pulse repetition rate is 
greater than the data rate but less than twice the data rate. For example, in various preferred 
embodiments of the invention, the pulse repetition rate is less than 1.8, less than 1.5, less than 
1 .3 or less than 1 . 1 times the data rate. 

In an alternative preferred embodiment of the invention, the pulse rate is lower than the 
data rate. For example, in various preferred embodiments of the invention, the pulse repetition 
rate is greater than three-quarters of the data rate. Preferably, the pulse repetition rate is less 
than nine-tenths of the data rate. 

In a preferred embodiment of the invention, the pulsed light is laser light, preferably, 
comprised in a beam. 

In a preferred embodiment of the invention the pulsed light is produced utilizing a 
pulsed light generator comprising: 

a beam generator that produces an initial pulsed light beam having an initial pulse 
repetition rate; and 

a pulse repetition rate multiplier, which receives the initial pulsed light beam and 
produces at least one pulsed light beam having a higher pulse repetition rate than the initial 
rate. 

In a preferred embodiment of the invention, the apparatus a second repetition rate 
multiplier that receives an output beam from the repetition rate multiplier and produces an 
output beam having a repetition rate higher than the repetition rate of the beam that it receives. 

Preferably, the first repetition rate multiplier and the second multiplication rate 
multiplier each double the repetition rate. In various preferred embodiments of the invention, 
the increased pulse repetition rate is twice, three times, four times or greater than four times the 
initial pulse rate. 

Preferably, the pulsed light beam generator generates a laser beam. Preferably, the laser 
beam generator comprises: 

a pulsed laser operating at an initial laser frequency; 

a laser frequency converter that increases the laser frequency to produce the light beam. 
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Preferably, the pulsed laser comprises a mode locked laser. 

Preferably, the pulsed laser is an infra-red laser. Alternatively or additionally, the light 
beam is a UV laser beam. Preferably, the power contained in the higher repetition rate pulses is 
substantially equal to the power of the initial pulsed light beam. 

There is further provided, in accordance with a preferred embodiment of the invention, 
a method for transmitting information at a data rate comprising: 

providing pulsed light that is pulsed at a pulse repetition rate; and 

asynchronously modulating the pulsed light at the data rate. 

Preferably, the pulsed light source is a line source and wherein modulating comprises 
spatially modulating the line. Preferably, different sections of the line are independently 
modulated at the data rate. 

There is further provided, in accordance with a preferred embodiment of the invention, 
a method for recording an image on a photosensitive surface, comprising: 

providing pulsed light that is pulsed at a repetition rate; 

modulating the pulsed light at a data rate; and 

scanning the modulated pulsed light over the surface. 

Preferably, the pulsed light source is a line source and wherein modulating comprises 
spatially modulating the line. 

Preferably, different sections of the line are independently modulated at the data rate. 
In a preferred embodiment of the invention, the modulation is asynchronous with the 

pulses. 

In a preferred embodiment of the invention, the modulated light scans over the surface 
in a first direction and wherein the surface moves in a direction perpendicular to the direction 
of scanning such that the surface is illuminated by a raster scan. 

In a preferred embodiment of the invention, the photosensitive surface is a photoresist. 

In a preferred embodiment of the invention, the data rate is the same as the pulse 
repetition rate. 

In a preferred embodiment of the invention, the data rate is substantially higher than the 
pulse repetition rate. For example, in various preferred embodiments of the invention, the pulse 
repetition rate is at least twice or at least twice, at least three time or at least four times the data 
rate. 

In an alternative preferred embodiment of the invention, the pulse repetition rate is 
greater than the data rate but less than twice the data rate. For example, in various preferred 



0S5/01346 



embodiments of the invention., the pulse repetition rate is less than 1.3, less than 1.5, less than 

1 .3 or less than 1 . 1 times the data rate. 

In an alternative preferred embodiment of the invention, the pulse rate is lower than the 

data rate. For example, in various preferred embodiments of the invention, the pulse repetition 

rate is greater than three-quarters of the data rate. Preferably, the pulse repetition rate is less 

than nine-tenths of the data rate. 

Preferably, the pulsed light is laser light, preferably, comprised in a laser beam. 
In a preferred embodiment of the invention, providing the pulsed light comprises: 
generating an initial pulsed light beam having an initial pulse repetition rate; and 
multiplying the initial pulse to produce at least one pulsed light beam having a higher 

pulse repetition rate than the initial rate. 

Preferably, the method includes further multiplying the at least one pulsed light beam to 

produce an output beam having a repetition rate higher than the repetition rate of the at least 

one pulsed light beam. Preferably, multiplying and further multiplying each double the 

repetition rate. 

In a preferred embodiment of the invention, providing the pulsed laser beam comprises: 

providing a pulsed laser that produces initial laser pulses at an initial laser frequency; 

converting the laser frequency to a higher frequency to produce the light beam. 

Preferably, the pulsed laser comprises a mode locked laser. Preferably, the initial pulses 
are in the infra-red. Preferably, the light beam is a UV laser beam. 

Preferably, the power contained in the higher repetition rate pulses is substantially equal 
to the power of the initial pulsed light beam. 

In a preferred embodiment of the invention: 

There is further provided, in accordance with a preferred embodiment of the invention, 
a laser light source providing a beam formed of successive substantially instantaneous 
laser pulses separated by a time interval; 

a data signal source that provides data signals; 

a modulator that receives the beam and the data signals and selectively modulates the 
beam with a modulating signal responsive to the data signals for a time period longer than said 
time interval, such that the modulating signal is operative to modulate at least two successive 
pulses; and 

an optical subsystem that receives the modulated beam and projects an image of the 
modulator onto a photosensitive surface to expose a pattern thereon according to said 
modulating signal. 
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^ In a preferred embodiment of the invention, the modulator is an acousto-optical 

modulator. Preferably, the modulating signal is an acoustic wave. 

In a preferred embodiment of the invention, an attribute of the modulating signal 
changes between at least some of the two successive pulses and wherein the modulator has a 
5 defined length. Preferably, the attribute is the length of the acoustic wave in the modulator. 

In a preferred embodiment of the invention, the shape of a spot formed by a pulse in the 
beam, as projected by the optical subsystem, is at least partly defined by the length of the 
acoustic wave in the modulator. 

Preferably, the apparatus comprises a scanning subsystem for scanning the image of the 
10 modulator along the photosensitive surface. Preferably, the acoustic wave propagates in the 
modulator at a first velocity" having a first rate of propagation and a first direction, and the 
image of the modulator is scanned across the photosensitive surface at a velocity that is related 
to the velocity of propagation of the acoustic wave, but in the opposite direction. 

There is further provided, in accordance with a preferred embodiment of the invention, 
15 apparatus for exposing a pattern on a photosensitive surface comprising: 

a laser light source providing a beam formed of successive laser pulses; and 
a modulator selectably modulating the beam to provide a multiplicity of pulses 
available to write a pattern, wherein at least some of the pulses available to write a pattern have 
different spatial shapes; and 
20 a scanner to scan the multiplicity of pulses available to write a pattern onto a 

photosensitive surface to form a pattern thereon. 

Preferably, the laser light source is a mode-locked laser. 
Preferably, the modulator is an acousto-optical modulator. 

Preferably, the spatial shape of a pulse is defined by an acoustic wave in the modulator. 
25 ■ Preferably, each pulse available to write a pattern exposes a spatially defined region on 

the photosensitive surface. 

Preferably, at least some spatially defined regions mutually overlap each other. 

BRIEF DESCRIPTION OF FIGURES 
The invention will be more clearly understood from the following description of 
30 preferred no n- limiting embodiments thereof, read in with reference to the figures attached 
hereto. In the figures, identical and similar structures, elements or parts thereof that appear in 
more than one figure are generally labeled with the same or similar references in the figures in 
which they appear. Dimensions of components and features shown in the figures are chosen 
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primarily for convenience and clarity of presentation and are not necessarily to scale. The 
attached figures are: 

Fig. 1 is a schematic diagram showing the basic operational principle of certain 
preferred embodiments of the present invention; 

Fig. 2 is a schematic diagram showing a pulse repetition rate multiplication device in 
accordance with a preferred embodiment of the present invention; 

Fig. 3 shows a timing graph of input, intermediate and output beam pulses entering and 
exiting the pulse repetition rate multiplication device sketched in Fig. 2; 

Fig. 4 shows an exemplary beam recombination setup in accordance with a preferred 
embodiment of the present invention; 

Fig. 5 shows ~an alternative beam recombining component in accordance with a 
preferred embodiment of the present invention; 

Fig. 6 shows a system for writing a raster pattern on the surface of a substrate by 
simultaneously independently data modulating separate portions of an input laser beam; 

Fig. 7 is graph of the energy profile of a laser beam pulse along an axis of scanning; 

Fig. 8A - 8G are simplified pictorial illustrations of an acoustic wave consecutive stages 
of generation in an acousto-optical modulator crystal and provision of laser pulses at a first 
pulse rate; 

Fig. 9A - 9G are simplified pictorial illustrations showing various stages, corresponding 
to stages shown in Figs. 8A - 8G, of exposure of a run of pixels on a substrate to be exposed at 
a first pulse rate; - - 

Fig. 10A - 10G are energy graphs showing accumulated laser energy along run of pixels 
at each of the stages of exposure shown in Figs. 9A - 9G; 

Fig. 11A - 11G are simplified pictorial illustrations of an acoustic wave consecutive 
stages of generation in an acousto-optical modulator crystal and provision of laser pulses at a 
second pulse rate; 

Fig. 12 A - 12G are simplified pictorial illustrations showing various stages, 
corresponding to stages shown in Figs. 11A - 1 1G of exposure of a run of pixels on a substrate 
to be exposed at the second pulse rate; 

Fig. 13A - 13G are energy graphs showing accumulated laser energy along run of pixels 
at each of the stages of exposure shown in Figs. 12A - 12G; 

Fig. 14A - 14G are simplified pictorial illustrations of an acoustic wave consecutive^ 
stages of generation in an acousto-optical modulator crystal and provision of laser pulses at a 
second pulse rate different from that shown in Figs. 1 1 A - 1 1G; 

11 



0S5/01346 



Fig. 15A - 15G are simplified pictorial illustrations showing various stages, 
corresponding to stages shown in Figs. 1 1A - 1 1G of exposure of a run of pixels on a substrate 
to be exposed at the second pulse rate; 

Fig. 16A - 16G are energy graphs" showing accumulated laser energy along run of pixels 
5 at each of the stages of exposure shown in Figs. 15 A - 15G; 

Figs. 17, 18 and 19 show alternative set ups for multiplying by 4 an initial pulse 
repetition rate of a pulsed light beam in accordance with a preferred embodiment of the present 
invention; 

Fig. 20 is a schematic diagram showing a pulse repetition rate multiplication device 
10 which operates with a polarized input beam pulse in accordance with a preferred embodiment 
of the present invention; 

Fig. 21 shows a timing graph of input, intermediate and output beam pulses entering 
and exiting the pulse repetition rate multiplication device sketched in Fig. 2; 

Fig. 22 shows an alternative configuration of a pulse repetition rate multiplication 
15 device which operates with a polarized input beam pulse, in accordance with a preferred 
embodiment of the present invention; and 

Fig. 23 is a schematic diagram showing the way some preferred embodiments of the 
present invention are integrated in a PCB production line. 

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 
20 A way of overcoming the disadvantages of using an Argon Ion laser for exposing UV 

sensitive photoresists on PCBs, as described in the background section, is to start with an IR or 
other relatively long wavelength laser, preferably a solid state laser providing a mode locked IR 
output, and then to double or otherwise to convert its optical frequency (or wavelength) until 
UV radiation is obtained. This increase in optical frequency is achieved by doubling the optical 
25 frequency of the light at least once. 

Solid state IR lasers are relatively efficient and reliable, a situation that facilitates the 
obtaining of mode-locked UV laser radiation at sufficiently high power through pumping and 
optical frequency conversion. 

Because optical frequency conversion is a nonlinear process whose efficiency increases 
30 with increasing initial laser power, UV laser radiation is obtained by harmonic generation from 
a high power IR or red laser such as the Tsunami mode- locked Ti: sap hire laser from Spectra- 
Physics Lasers, pumped by a laser such as the Millenia laser of Spectra-Physics. While the 
pulse repetition rate of the Tsunami laser may, at best, be in the same range as data rates useful 
in high speed writing for PCB production, the above referenced problems of pulse/data 
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synchronization make its use problematic. Moreover, the native repetition rate of pulses 
generated by mode locked lasers sets a limit on possible data rates using conventional methods 
of information modulation whereby information is modulated synchronously with the pulse 
repetition rate. 

5 Thus, in accordance with some preferred embodiments of the invention, the pulse 

repetition rate is further increased from the native pulse repetition rate generated by the mode 
locked laser by using systems built in accordance with preferred embodiments of the present 
invention. Preferably the pulse rate multiplication systems operate externally to the laser 
housing, after wavelength of the laser beam has been converted. Thus in accordance with some 

10 preferred embodiments, wavelength conversion is performed while laser pulses are still at a 
relative low pulse repetition rate and high peak power per individual pulse as compared to the 
pulse rate and peak power after pulse rate multiplication is performed. Preferably, in 
accordance with preferred embodiments of the invention, the pulse repetition rate thus achieved 
after pulse rate multiplication is high enough to allow for quasi-CW modulation of the thus 

1 5 generated pulsed laser beam relative to a high data rate stream of information. 

Thus, preferably in applications employing a pulse rate multiplier, multiplication of the 
pulse repetition rate is achieved by a device external to, and preferably downstream of, the high 
power TJV laser which does not interfere with the laser's operational conditions so as to enable 
the laser to generate UV laser light at relatively high efficiency. 

20 In accordance with some other preferred embodiments of the present invention, a single 

input laser beam is provided and spatial portions of the beam are each simultaneously and 
independently information modulated by a data channel in an array of data channels. Each 
channel has a reduced data rate suitable to quasi-CW modulation of a spatial portion of the 
input laser beam, while an overall data increased rate for the entire beam is obtained. 

25 Reference is now made to Fig. 1 which schematically depicts the basic operational 

principles of a preferred UV laser exposure system 10, employing a pulsed laser source and a 
pulse repetition rate multiplier, used in direct writing on a photoresist and built in accordance 
with a preferred embodiment of the present invention. A pulsed UV laser beam 12, obtained 
from a high power pulsed laser 14 passed through a wavelength converter 16 and having a 

30 pulse repetition rate frj, enters a beam splitting device 18, which splits the initial pulsed beam 
into N beams 20. The N split beams are then each delayed by delay optical circuits 22, to 
produce N time delayed pulsed beams 24 which are subsequently combined by beam combiner. 
26 to form a combined beam 30. 
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Combined beam 30 is passed through a modulator 32 operative to data modulate the 
beam 30, or portions 34 of the beam as described .hereinbelow. in greater detail with respect to 
Fig. 5. Combined beam 30 is further directed to a single target 36, or a plurality of targets 38 to 
expose a pattern on photoresist on a substrate 40, such as a PCB. It is appreciated that 
5 alternatively each of N time delayed beams 24 may be information modulated by a plurality of 
modulators (not shown) and mutually directed to expose targets 36 and 38 on substrate 40 
without recombination of each the N time delayed beams 24. 

When a time delay T n , equal to nAt is imposed on each of N beams 20 (where n is a 
numbering index of the beams, from 0 to N-l) by their respective delay optical circuits 22, a 
10 series of time delayed pulsed beams 24, the pulses of which are shifted in time by At, is 
obtained. The time delayed pulsed beams 24 are also separated in space when the optical set up 
shown in Fig. 1 is used. The pulse repetition rate of a beam in a series of time delayed pulsed 
beams 24 is the same as the pulse repetition rate of beam 12, however the temporal offset of 
pulses among time delayed pulsed beams is a function of delay T n and the number of delay 
15 lines N. 

The only general condition that these delayed beams have to satisfy is 
Eq. (1): N*At<l/fo 
where N is the number of beams 20 and fQ is pulse repetition rate of laser 14. "At the end of an 
Nth pulse (a delay of (N-l)* At) in a time delayed pulsed beam 24, a subsequent pulse in beam 

20 12 enters beam splitting device 18 and the splitting and delaying process repeats itself. In case 
NAt = 1/ffj, the Nth pulse of a pulse in time delayed pulsed beams 24 will occur At prior to the 
first pulse associated with a subsequent pulse in beam 12. Delay T n , may be varied or kept 
constant over the period to = 1/frj, as long as the condition of equation (1) is satisfied. In 
situations in which the final pulse repetition rate is substantially higher than the data rate, for 

25 example at least 4 times the data rate, it is not necessary that the time between the Nth pulse of 
one series of pulses and the first pulse of the next series of pulses be equal to At. Furthermore, 
under such conditions it is not necessary that the time between pulses be exactly the same, nor 
is it necessary that the pulses have precisely the same energy at least for writing on PCBs. 
Time delayed pulsed beams 24 enter the beam combining device 26, wherein the individual 

30 time delayed pulsed beams 24 are combined according to a predetermined scheme. 

Preferably, all the N pulses should be of substantially the same energy and equally 
spaced. This situation is generally preferable, although not required, since this results in a* 
minimum fluctuation of laser power. In some preferred embodiments of the present invention 
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^ variations in energy are compensated by scanning beam 30 to expose a pattern including a,. 
plurality of targets 38, wherein separate portions 34 of combined beam 30 each expose a line of 
targets'. Each target in the , plurality of targets 38 is exposed at least twice by partially 
overlapping combined beam 30 in successive scans in accordance with methods shown' and 
5 described in present Applicant's copending PCT patent application PCT/EP99/01764, 
incorporated herein by reference. 

The following section describes the details of steps of a) splitting an input beam 12 to 
produce N beams 20; b) delaying pulses in at least some of N beams 20 to produce time 
delayed pulsed beams 24; c) recombining the time delayed pulsed beams 24, and d) redirecting 

10 the combined beam 30, all in accordance with a preferred embodiment of the present invention. 

Reference is now made to Fig. 2, which shows a pulse repetition rate multiplication 
device 50 constructed and operative in accordance with a preferred embodiment of the present 
invention. Repetition rate multiplication device 50 preferably includes a beam splitting device 
18, delay optical circuitry 22 and a beam combiner 26 shown in Fig. 1, and is employed 

15 externally to a laser 14, whose optical frequency is converted by a wavelength converter 16, 
preferably by harmonic generation as is known in the art. 

A pulsed, preferably collimated, UV laser beam 12, is made to impinge on a first 
partially reflective front surface mirror 52. The initial pulsed beam 12 is split into two beams, 
one of which is transmitted (54) and the other of which is reflected (56). Transmitted beam 54 

20 is reflected by a 100 % reflective mirror 58. The resulting post reflection transmitted beam 
(54') is directed towards a second partially reflective front surface mirror 60. Post reflection 
transmitted beam 54' is split by mirror 60 into a second transmitted beam (62) and a second 
reflected beam (64) directed to mirror 58. Reflected beam 64 is reflected again by mirror 58 to 
form beam 64'. Beams 54 and 64 may be made to impinge on a single mirror 58 as shown in 

25 Fig. 2 A or, alternatively, on two separate mirrors (not shown in Fig. 2 for the sake of clarity). 

In order to obtain from an initial pulsed laser beam 12 three beams 56, 62 and 64', 
together forming time delayed pulsed beams 24 in Fig. 1, generally having pulses of equal peak 
power, in the arrangement shown in Fig. 2 the reflectivity and transmission of partially 
reflective mirrors 52 and 60 has to be preferably as follows: partially reflective mirror 52 - 

30 reflectivity 33.33% and transmission 66.67%; partially reflective mirror 60 - both reflectivity 
and transmission 50%. In this way beams 56, 62 and 64' will all have power Pf = Pi/3 where Pf 
is the final power of each beam and Pj is the initial power of beam 12. The power in each of^ 
split beams 56, 62 and 64* is thus controlled by the reflectivity of partially reflective mirrors 52 
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and 60. This division is based on lossless mirrors. If there is some loss on the mirrors, the 
reflectivities are adjusted accordingly. 

The embodiment shown in Fig. 2 may be extended to produce any desirable number N 
of time delayed pulsed beams of equal power by employing a series of lossless partially 
5 reflecting mirrors such as 52 and 60 having reflectivity values given by 1/N, 1/(N-1), . . . , 1/2, 
respectively. 

In the embodiment shown in Fig. 2, lengths AB, ACDE and ACDFG control the time 
delays between beams 56, 62 and 64'. The lengths AB, ACDE and ACDFG are controlled by 
distances 66 and/or 68, and the angle between mirrors 52 and 58 on one hand and 58 and 60 on 

10 the other. In order to obtain three substantially equally spaced (in time) pulses out of each 
initial pulse in beam 12, the lengths should be substantially ACDFG - ACDE = ACDE - AB = 
(trj/3)*c, where c is the speed of light in the appropriate medium. It is appreciated by persons 
skilled in the art that the distance will have to be modified in accordance with the thickness and 
refractive indices of mirrors 52 and 60. 

15 Beams 56, 62 and 64', corresponding to time delayed pulsed beams 24 in Fig. 1, 

preferably are combined by beam combining device 26 (a lens as shown is a preferred 
embodiment) into a combined beam 30 impinging on modulator 32 which is operative to 
modulate information into beam 30. At the end of a cycle of "splitting-combining-redirecting" 
applied to a pulsed beam 12, a subsequent pulse in beam 12 reaches point A on mirror 52 and 

20 the whole beam "splitting-combining-redirecting" cycle repeats itself Dividing each pulse in 
beam 12 into three pulses means that the initial pulse repetition rate of laser 14 is tripled by the 
action of pulse rate multiplication device 50. 

In some preferred embodiments of the present invention, mirrors 52, 58 and 60 and 
beam combining device 26, are integrated into a single optomechanical structure in order to 

25 obtain a stand alone pulse repetition rate multiplying apparatus. Such a stand alone unit has the 
possibility of being retrofitted to a pulsed laser 14 and to serve different lasers at different 
times. By operating externally to laser 14, pulse rate multiplication device 50 does not perturb 
the proper operation of the laser or its efficiency. Pulse repetition rate multiplier device 50, 
when used with mode-locked lasers, allows for the multiplication of the laser's original pulse 

30 repetition rate without changing its resonant cavity length or any other characteristics. 

Reference is now made to Fig. 3 which is a timing graph showing the timing and peak 
power of pulses in beam 12 input into pulse repetition rate multiplication device 50, the timing 
and peak power of pulses in beams 56, 62 and 64', and the timing and peak power of pulses in 
combined beam 30 impinging on modulator 32 in accordance with the embodiment shown in 
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Fig. 2. As seen in Fig. 3 beam 12 has pulses 70 each of which has a peak power p ; and is offset 
in time by t 0 . Each of beams 56, 62 and 64* has pulses 72 each of which has a peak power p[/3 
and is offset in time from other pulses 72 in the same beam by time t 0 . Each pulse 72 in one of 
beams 56, 62 and 64' resulting from a' pulse 70 in beam 12 is offset in time respective to a 
5 corresponding pulse 72 resulting from a pulse 70 in the other two of beams 56, 62 and 64' by 
time tfj/3 or 2trj/3 respectively. Upon combining beams 56, 62 and 64', combined beam 30 has 
pulses 74 each of which has a peak power p^/3 and is mutually separated in time by time 
interval tQ/3. Thus, combined beam 30 has three times the pulse repetition rate and duty cycle 
of pulses in beam 12. Although the peak power of each pulse 74 is 1/3 the peak power of each 

10 pulse 70, the same average power is maintained. 

Reference is now made to Fig. 4 which shows details of beam combining and 
modulating region 80 of Fig. 2, in accordance with a preferred embodiment of the invention. 
Each individual beam 56, 62 and 64' is preferably imaged onto an active aperture portion (not 
shown) of a modulator 32, conjointly by a combination of spherical lenses 82 (negative lenses 

1 5 are shown, positive lenses may also be used) and cylindrical lens 84, to form combined beam 
30 on the input surface 86 of modulator 32. It is appreciated by persons skilled in the art that 
the combined beam 30 may need to be further optically shaped to match the active aperture 
portion and other characteristics of modulator 32. For instance, an optional cylindrical lens (not 
shown), its optical axis oriented at 90° with respect to lens 84, may be interposed into the beam 

20 path to shape the beam 30 into to a desired slit-like shape at modulator 32. According to this 
imaging scheme, each individual beam 56, 62 and 64', together forming combined beam 30, 
preferably completely illuminates the active aperture portion of modulator 32, and modulator 
32 modulates the combined beam 30 at a data rate in accordance with a pattern to be generated. 
After being modulated by modulator 32, the part of combined beam 30 inside of boundaries 88 

25 and 90 are imaged by imaging optics 92, a single lens 94 being shown for simplicity of 
illustration, via a multi-faceted rotating polygon mirror 96 (only one face and its direction of 
motion 97 are shown), onto a target 36 on substrate 40. Polygon mirror 96 rotates to scan a line 
of targets 36 in the direction of scanning 98, for example- along the X axis, while substrate 40, 
such as a photoresist clad PCB, moves in the generally orthogonal direction corresponding to 

30 the Y axis. 

In accordance with some preferred embodiments of the present invention, portions 34 
of combined beam 30 are simultaneously independently modulated by modulator 32 to write 
multiple targets 38 (Fig. 1), each of which are mutually spatially offset. 
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It is appreciated by persons skilled in the art that the relative distances between 
modulator 32, lens 94 and polygon 96 in Fig. 4 are only schematic representations. In some 
preferred embodiments according to this invention, lenses 82 and 84 are replaced by prism 99, 
shown in Fig. 5, which combines beams 56, 62 and 64' on modulator 32. Other methods of 
5 scanning a beam, as known in the art may also be used. 

If, instead of lens 26 in Fig. 2, three individual lenses are positioned in split beams 56, 
62 and 64', the beams could be aimed towards three different targets 38 simultaneously. 
Furthermore, each beam can be spread to form a line and modulation schemes, such as those 
known in the art, may be provided to modulate individual pixels in the lines formed by each of 
10 beams 56, 62 and 64\ 

By varying distances 66 and 68 in Fig. 2, variable/different time delays may be imposed 
on beams 62 and 64'. By varying angle between mirrors 52 and 60 on the one hand and mirror 
58 on the other hand, (see Fig. 2), the directions of beams 56, 62 and 64' may be controlled. 
Additionally, the diameter of input beam 12, may be optimized to fit the optics geometry. It 
15 should be understood that the angles shown are greatly exaggerated. In general the angle 
between the beams impinging on modulator 32 is very small. 

Reference is now made to Fig. 6 which is a simplified pictorial illustration of a laser 
writing system 100 for writing a raster pattern on the surface of a substrate by simultaneously 
independently data modulating separate portions of an input laser beam 12. 
20 In accordance with some preferred embodiments of the present invention a pulsed laser 

beam 12 is emitted by a laser 14, preferably a mode locked laser operative to generate a stream 
of laser pulses. Beam 12 is shaped by suitable optics (not shown) and is imaged onto the input 
surface 102 of an acousto-optic multi-channel modulator 104. Multi-channel modulator 104 
preferably includes a plurality of laser beam modulating channels 106, preferably formed of a 
25 suitable material, for example crystalline quartz, that transmits radiation of the laser 
wavelength. Each of channels 106 is independently controlled by one of data generators 108 - 
1 1 6 to modulate data at a data rate. 

Laser beam 12 passes through the modulator medium associated with each of channels 
106, each of which independently modulates a spatially defined portion 118 of laser beam 12. 
30 An image of a central plane of each of channels 106 is projected by suitable optics (not shown) 
via a rotating polygon 120 and subsequently onto a substrate 40 at a plurality of targets 38 
forming pixels in a raster pattern. As polygon 120 rotates, in the direction of arrow 122 images 
of the central planes of channels 106 are continuously scanned across substrate 40 in scan 
direction 124 while data is modulated at a data rate. Thus when an acoustic wave is present in 
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a channel 106 the respective laser beam portion 1 13 is deflected so that the portion exposes one 
of targets 38 such as pixel 126 on substrate 40. When no acoustic wave is present in a channel- 
106, the respective portion 118 does not expose a target, for example pixel 128. The data rate is 
the rate at which the modulator is switched on and off, to generate or to stop generating, an 
acoustic wave, it being appreciated that the acoustic wave has a generally non-instantaneous 
rise time and travel time through the medium forming a channel 106 in modulator 104. 

In some preferred embodiments of the invention, modulator 32 may be, for example, a 
modulator employing operative principles described in US patent 5,309,178 to Abraham Gross, 
and further described in Applicant's PCT application PCT/EP99/01764 both of which are 
incorporated herein by reference. A preferred arrangement of optics for projecting a laser beam 
onto a multichannel acousto-optic modulator and scanning the laser beam to generate a pattern 
on a PCB is also described in the above PCT application PCT/EP99/01764. 

Preferably portions 118 are at least partially mutually overlapping, and the total number 
of channels 106 generally corresponds to the number of pixel lines in a pattern to be 
simultaneously written on substrate 40. In accordance with some preferred embodiments of the 
present invention, the size of the image of each channel when projected on substrate 40, in the 
direction of scanning 124, is preferably equivalent to three pixels. 

It is noted that by modulating laser 12 with a multichannel modulator operative to 
simultaneously modulate various spatially defined portions 118, inasmuch as the data is 
divided over a spatial region a desired overall data rate may be obtained while simultaneously 
reducing the data rate provided to each channel 106. Thus, if modulator 32 has a total of N 
data modulation channels, and S is the total data rate required to write a raster pattern in a 
given time, each portion 118 of laser beam 12 is temporally modulated at a data rate which is 
S/N. 

In some preferred embodiments of the present invention modulator 32 includes at least 
24 adjacent channels 106. Assuming that data is to be written at a data rate of between 300 - 
1200 Mega pixels/second, then the modulation data written by each- channel ranges between 
12.5 - 50 Mega pixels/second. Assuming that laser 12 generates a stream of approximately 80 
MHz pulses, then each pixel is written by an average of between 1 .6 - 6.4 laser pulses as a 
function of the data rate in each channel. 

Thus, the average number of pulses available to expose a pixel, may be increased by 
increasing the repetition rate of pulses, for example by interposing a pulse repetition rate^ 
multiplier such as device 50 (Fig. 2) between laser 14 and modulator 32. Alternatively, the 
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effective data rate per channel may be reduced. Reduction of the data rate per channel may be 
achieved either by reducing the overall data rate S or by increasing the number of channels 106. 

It is appreciated by persons skilled in the art that individually modulated portions of 
laser beam 12 may be spatially overlapping portions or discrete portions, each of which is 
5 independently modulated by a channel in modulator 32, or by a separate modulator. 

As the number of pulses in laser 12 available to write a pixel in a data stream 
approaches or falls below one pulse per pixel, a pattern written by a quasi CW writing mode 
using conventional modulating methods becomes more susceptible to timing errors. Timing 
errors occur when a data bit representing a pixel to be written, for example as provided by one 

10 of data generators 108 - 1 16, is missed, in whole or in part, by a pulse in laser beam 12. When 
timing errors occur, a pixel in a target 36 that should be written is in actuality only partly 
written or not written at all. 

It is appreciated by persons skilled in the art that in systems for writing a raster pattern, 
timing errors particularly manifest themselves along edges extending between regions which 

15 are to be exposed and regions which are not to be exposed. Unaccounted for timing errors 
typically result in an unevenness or drift in the location of an edge. In accordance with some 
preferred embodiments of the invention, a pulsed laser beam writing system, such as system 
100, for exposing a raster pattern on a substrate is configured so that, during successive pulses, 
the location of an edge of a portion of the laser beam exposing a run of pixels is substantially 

20 fixed to a desired location to be exposed on substrate 40. Edge fixing is accomplished 
preferably by coordinating the velocity of the acoustic wave in the modulator 32 and the 
velocity of scanning. Preferably the velocity of an image of the acoustic wave formed by 
imaging optics 94 on substrate 40 and the velocity of scanning an image of the modulating 
portion of modulator 32 are substantially equal in magnitude (preferably < ±25%) but directed 

25 in mutually opposite directions. Accordingly, coordinating the relative directions and 
velocities of the projected image of the acoustic wave and the velocity of scanning effectively 
"freezes" the image of the acoustic wave in modulator 32 on the substrate 40 as shown and 
described in greater detail hereinbelow with reference to Figs. 8 A - 16G. 

As a result of edge fixing, the location of the image of the acoustic wave becomes 

30 substantially "motionless" on the substrate and the location of edges in a region exposed by 
successive pulses becomes insensitive to the exact timing of light flashes resulting from the 
laser pulses. Inasmuch as the spatial extent of a spot formed by laser light portions 118 is 
greater than a single pixel wide in the scanning direction, preferably being about 3 pixels wide 
in the scanning direction, an adequate number of exposure pulses is provided at every point 
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addressed by the beam as it sweeps across substrate 40. Although the size of the spot is greater 
than a single pixel wide in the scanning direction, the positioning of feature edges is still 
preferably determined by the size of the addressing elements which is a function of data rate at 
which pixels are addressed in each modulator channel 106 and the velocity of scanning. 
5 Further decreasing the ratio of laser pulses to pixel rate is ultimately limited by pattern errors 
arising from unevenness of exposure due to the Gaussian energy profile of the laser beam in the 
scanning direction. 

It is noted that the foregoing effect is similar to the well known Scophony scanning 
effect, conventionally used to minimize spatial blurring of a generated pattern caused by: a) the 

10 finite velocity of the acoustic wave in the modulator and b) the continuous nature of the laser 
illuminator. In accordance with preferred embodiments of the present invention the finite 
velocity of the acoustic wave in a modulator channel 106 enables an acoustic signal 
corresponding to a data pixel to be impinged upon by multiple light flashes formed by 
successive pulses. Multiple mutually partially overlapping images of laser pulses, spatially 

15 limited by an edge of the acoustic wave which is fixed in relation to an edge to be written on 
substrate 40, are thus projected onto substrate 40. It should be noted that while the Scophony 
effect has been applied in the past to CW illumination, the application to pulsed scanning is 
new. Such application is based on the realization that it is not necessary to have CW 
illumination to write a well defined edge, but that pulsed illumination and especially quasi-CW 

20 pulsed illumination can also form a sharp edge, in conjunction with the effect. 

Reference is now made to Fig. 7, which is a graph of the energy profile of a laser beam 
pulse along an axis of scanning. In accordance with some preferred embodiments of the 
present invention, the energy profile 130 of laser beam 12 in the direction of scanning 124 (Fig. 
6) is a generally Gaussian profile. Relative to the time scale of propagation of an acoustic 

25 wave in an acousto-optic modulator channel 106, and to the time to scan a pixel on substrate 
40, mode locked laser pulses are essentially instantaneous. Each pulse is separated by a time 
interval ranging between 3 - 50 nanoseconds, depending on the repetition rate of pulses in laser 
beam 12, and whether the repetition rate is multiplied using a pulse repetition rate multiplier as 
described hereinabove. The quantity of energy delivered to a target 38 in a pulse is a function 

30 of the segment of laser energy profile 130 that reaches target 38. The segment of the laser 
energy profile in a laser pulse is determined by modulation provided by modulator 104, for 
example by the presence and position of an acoustic wave in an acousto-optical modulator. 

Reference is now made to Figs. 8A - 8G which are simplified pictorial illustrations of 
an acoustic wave 140 at consecutive stages of propagation thereof in a modulating region 142 
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of an acousto-optical modulator such as is associated with a one of beam modulating channels 
106 (Fig. 6); and to Figs. 9 A - 9G which are simplified pictorial illustrations showing various 
stages, corresponding to stages shown in Figs. 8A - 8G, of exposure of a run of pixels 144, 
comprising pixels 146, 148, 150 and 152, on a substrate 40, such as a photoresist-clad PCB, to 
be exposed in accordance with a preferred embodiment of the present invention. Shading in 
run 144 indicates exposure by a laser beam pulse. Figs. 8 A - 9G are illustrative of a preferred 
method that may be employed to minimize timing errors, which method is applicable even 
when the number of laser pulses available to expose a pixel in a quasi CW modulation 
configuration falls below an average of two pulses per pixel, and approaches one pulse per 
pixel or less. As seen in Figs. 8A - 9G, a sequence of about 7 consecutive pulses is employed 
to expose a linear region of four pixels, corresponding to an average of about 1.75 pulses per 
pixel. 

Each of Figs. 8A - 8G represents an instantaneous snapshot of the state of an acoustic 
wave 140 used to modulate a beam portion 118 (Fig. 6) at a moment in time corresponding to 
the presence of a laser beam pulse. Thus, each of Figs. 8A - 8G are separated in time by 
between 3-50 nano seconds, and preferably by about 12.5 nanoseconds, depending on the 
laser pulse repetition rate. Preferably, the width of a modulating active region 142 
corresponds (after appropriate de-magnification by optics) to between 2 - 5 pixels to be imaged 
on substrate 40, and most preferably about 3 pixels. As seen, the generation of an acoustic 
wave 140 in an acousto optic modulator is not instantaneous, but rather the acoustic wave 140 
propagates across modulating active region 142 in a direction 156 at a rate that is a function of 
the physical properties of the material forming modulating active region 142. 

Reference is now made to Figs. 9A - 9G. In accordance with some preferred 
embodiments of the present invention, an image 158 of modulating active region 142, which 
for simplicity of illustration is shown above a region being scanned, is scanned across substrate 
40 at a velocity substantially equal and opposite in direction to the velocity of propagation of 
the imaged wave 140 in modulating active region 142. Preferably there will be less than a 
±25% difference in respective rates of progression and propagation. Scanning direction 124 is 
opposite to the direction 156 in which wave 140 propagates. As seen in Figs. 9 A - 9G, a 
segment of a laser beam 160 is present in image 158. It is seen that segment 160 corresponds 
to the location of wave 140 in modulating active region 142, arid the size of the spot of each 
flash varies over time as a function of the position and location of wave 140 in modulating 
active region 142. In the schematic representation shown in Figs. 9A - 9G, image 158 serves as 
a scanning window and acoustic wave 140 serves as an aperture that allows all or part of the 
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window to be filled by an incoming laser beam. Pixels 146 - 152 are exposed by a succession 
of instantaneous laser pulses. The region of substrate 40 exposed by a pulse is determined by 
the instantaneous location of image 158 and the segment 160 of the modulating acoustic wave 
140 relative to substrate 40. The energy profile is determined by the overlap between the 
5 segment 160 and the laser beam profile 130 which is fixed relative to image 158. 

It is appreciated by persons skilled in the art that the pictorial representation in Figs. 9A 
- 9G is schematic inasmuch as sharp edges are depicted. In actuality the size and profile of the 
spot formed by segment 160 which reaches substrate 40 are largely dictated by diffraction 
effects and optical aberrations of the system. Edge blurring occurring in the exposure process 
10 may be compensated in subsequent development processes of the photosensitive recording 
medium forming substrate 40 such that blurring as described hereinabove does not detract from 
the generality and validity of the foregoing schematic description. 

Moreover, as appreciated by persons skilled in the art, inasmuch as the velocity of 
propagation of wave 140 and the velocity of scanning of image 158 are substantially equal but 
15 in oppositedirections, front edge 162 and rear edge 164 of wave 140 substantially fix the 
location at which segment of laser beam 160 writes a edges. 166 and 168 of a run of pixels 144. 
It is noted that inasmuch as the velocity of image 158 is equal and opposite to the velocity of 
wave 140, the fixing of an edge is independent of the distance traversed by image 158 between 
flashes. Thus edges 166 and 168 are fixed irrespective of whether image 158 progresses 
20 between flashes by a whole number of pixels or any number of partial pixels. 

Thus in accordance with some preferred embodiments of the present invention, the 
location of a run of exposed pixels 144 is substantially independent of the average number of 
laser pulses by which a pixel 146 - 152 is exposed or any synchronization between the pulse 
repetition rate and velocity at which a beam or an image 158 is scanned. Thus preferably 
25 pixels are exposed or not exposed as a function of the accumulated energy delivered to a pixel 
146 - 152 by successive pulses. 

Reference is now made to Figs. I OA - 10G which are energy graphs showing laser 
exposure energy profiles along run of pixels 144 corresponding to each of the stages of 
exposure shown in Figs. 9 A - 9G. It is noted the region under no single curve 170 - 182 
30 coincides with an individual pixel 146 - 152, however the region under all of the curves 170 - 
182, taken together coincides with run of pixels 144 to be exposed. Moreover, summation of 
the individual exposure profiles 170 - 182 in Fig. 10G results in a substantially uniform level or 
energy provided to all of pixels 146 - 152 in run 144. 
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In summary, as seen in Figs. 8 A - ICG, an acoustic wave 140 that modulates data 
propagates in the medium forming modulating active ^region 142 over a defined non- 
instantaneous interval of time; the presence and extent of the acoustic wave 140 in modulating 
active region 142 changes over time; and multiple pulses impinge on modulating active region 
5 142 during the time that wave 140 is present therein such that the acoustic wave deflects to 
substrate 40 a laser beam segment 160 having a shape that changes according to the change in 
shape of wave 140 in modulating active region 142. Moreover, as seen in Figs. 9A - 9G, the 
region in a raster image exposed by each pulse partially overlaps regions exposed by previous 
pulses; the size of a segment of each pulse that is deflected by acoustic wave 162 varies as a 

10 function of its location in a pattern to be written, for example its proximity to an edge 166 and 
168; the size of the region exposed by each pulse is smaller than the run of pixels to be 
exposed; a run of pixels is exposed by a plurality of pulses and each pulse exposes a region 
smaller than run of pixels; the total exposure of a run of pixels is the summation of the 
exposure by the plurality of mutually overlapping pulses. 

15 Reference is now made to Figs. 1 1 A - 1 1G which are simplified pictorial illustrations of 

an acoustic wave 140 at consecutive stages of generation thereof in the modulating active 
region 142 of an acousto-optical modulator crystal such as is associated with a one of beam 
modulating channels 106 (Fig. 6); and to Figs. 12A - 12G which are simplified pictorial 
illustrations showing various stages, corresponding to stages shown in Figs. 11A - 11G, of 

20 exposure of a run of pixels 144, comprising pixels 146, 148, 150 and 152, on a substrate 40, 
such as a photoresist clad PCB, to be exposed in accordance with a preferred embodiment of 
the present invention. Shading in run 144 indicates exposure by a laser beam pulse. Figs. 1 1A 
- 12G are generally similar to, and self explanatory, in view of the description with respect to 
Figs. 8A - 9G. 

25 It is noted however that while Figs. 11A - 11G show the propagation of an acoustic 

wave 140 at times separated by the same intervals as in Figs. 8 A - 8G, a laser pulse is present 
only at the times corresponding to stages shown in Figs. 11 A, 11C, HE and 11G. Thus, the 
time interval between each of pulses in Figs. 11A - 11G is twice the time interval between 
pulses in Figs. 8 A - 8G. It is thus seen that a laser beam segment 160 is present to expose part 

30 of run 144 only in images 158 shown in Figs. 12 A, 12C, 12E and 12G. Thus as shown in Figs. 
12A - 12F, 4 pulses expose run 144, which comprises 4 pixels, while the integrity of the 
location of edges 166. and 168 in run J 44 is maintained. 

Reference is now made to Figs. 13 A - 13G which are energy graphs showing 
accumulated laser energy along run of pixels 144 at each of the stages of exposure shown in 
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^ Figs. 12A - 12G. Figs. 13 A - 13G generally are similar to, and self explanatory, in view of the 
description, with respect to Figs. 10A - 10G. It is noted however that although fewer pulses 
expose run 144, the accumulation of energy over run 144 is at least partially evened out by the 
overlapping of laser pulses. All parts of run 144 that exceed a minimum energy threshold will 
5 thus be exposed. It should be noted that some portions of the exposed area are exposed by more 
than one pulse and that the number of pulses that expose a portion may be as low as one, for 
some preferred embodiments of the invention. It should also be noted that the portions may be 
exposed by different spatial regions on the pulse. These effects and the exposure necessary to 
expose a pixel may determine the lowest pulse rate which will result- in satisfactory pattern 
10 writing. 

Reference is now made to Figs. 14A - 14G which are simplified pictorial illustrations of 
an acoustic wave at consecutive stages of generation thereof in the modulating active region of 
an acousto-optical modulator such as is associated with one of beam modulating channels 106 
(Fig. 6); and to Figs. 15A - 15G which are simplified pictorial illustrations showing various 

15 stages, corresponding to stages shown in Figs. 14A - 14G, of exposure of a run of pixels 144, 
comprising pixels 146, 148, 150 and 152, on a substrate 40, such as a photoresist clad PCB, to 
be exposed in accordance with a preferred embodiment of the present invention. Shading in 
run 144 indicates exposure by a laser beam pulse. Figs. 14A - 15G are generally similar to, and 
self explanatory, in view of the description with respect to Figs. 8A - 9G and Figs. 1 1A - 12G. 

20 It is noted however that while Figs. 14A - 14G show the propagation of an acoustic 

wave 140 at times separated by the same intervals as in Figs. 8 A - 8G, a laser pulse is present 
only at the times corresponding to stages shown in Figs. 14B, 14D and 14F. Thus, the time 
interval between each of pulses in Figs. 14A - 14G is equal to the time interval in Figs. 1 1 A - 
11G and twice the time interval between pulses in Figs. 8 A - 8G. It is thus seen that a laser 

25 beam segment 160 is present to expose part of run 144 only in images 158 shown in Figs. 15B, 
15D, and 15F. Thus as shown in Figs. 15 A - 15F, although the time interval between pulses is 
the same as in Figs. 11A - 11G, the pulse timing is offset relative thereto such that only 3 
pulses expose run 144. It is thus appreciated that in accordance with preferred embodiments of 
the present invention the integrity of the location of edges 166 and 168 in run 144 is maintained 

30 independently of the time interval between pulses and the time when a pulses arrives respective 
to the relative locations of image 158 and a run 144 of pixels to be exposed. 

Reference is now made to Figs. 16A - 16G which are energy graphs showing laser 
energy profiles along run of pixels 144 at each of the stages of exposure shown in Figs. 15A - 
15G. Figs. 16A - 16G are generally similar to, and self explanatory, in view of the description 
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with respect to Figs. 10A - 10G and 13 A - 13G. It is noted however that although only three 
pulses expose run 144, the accumulation of energy over is at least partially evened out by the 
overlapping of laser pulses. All parts of run 144 that exceed a minimum energy threshold will 
thus be exposed. 

5 It is noted that inasmuch as some portion of a pulse impinges on modulating active 

region 142 while front edge 162 or rear edge 164 of acoustic wave 140 is present therein, if the 
sum total of energy is sufficient to expose a pixel, then the location of edges 166 and 168 is 
generally insensitive to the time at which a pulse impinges thereon or the location of front edge 
162 or rear edge in modulating medium 142. 

10 It is appreciated that the limiting condition of preferred embodiments described 

hereinabove operative to fix the edge of an exposing pulse relative to the edge of a run of pixels 
to be exposed, is the delivery of sufficient laser energy by multiple pulses to expose a pixel. 
Thus in accordance with some preferred embodiments of the present invention a multi-channel 
modulator is employed to modulate separate portions 118 of beam 12 (Fig. 6), and subsequent 

15 scans of beam 12 are made to partially overlap previous scans on substrate 40. Each line of 
pixels to be exposed is thus addressed by a different channels in modulator 102 in at least two 
subsequent scan passes, such that in subsequent overlapping scans additional pulses are 
delivered to a run of pixels to be exposed to ensure a substantially even and sufficient quantity 
of laser energy is delivered to each pixel to be exposed. 

20 The following section relates to various configurations of apparatus to increase the 

pulse repetition rate of pulsed lasers and to write raster images using pulse lasers, as shown in 
Figs. 1-5. 

Reference is now made to Figs. 17 and 18 which are simplified pictorial illustrations of 
variations of the pulse rate multiplier shown in Fig 2. In Figs 17 and 18, initial beam 12 is split 

25 into four beams (instead of three beams as in Fig. 2) 200, 202, 204 and 206. This is achieved 
using only two types of mirrors. Mirrors 208 and 210 are preferably partially reflective front 
surface mirrors while mirrors 212, 214 and 216 are 100% reflectors. If the distance between 
mirrors 210 and 214 is 1.5 times the distance between mirrors 208 and 212 and the reflectivity 
and transmission of mirrors 208 and 210 are both 50% and the reflectivity of mirrors 50, 216 

30 and 214 is 100%, beams 200, 202, 204 and 206 have pulses that are equally spaced in time and 
of equal power. 

Reference is now made to Fig. 19 which is a simplified pictorial illustration of a pulse t 
rate multiplier configured and operative in accordance with another preferred embodiment of 
the present invention, whereby an initial pulsed beam 12 is spit into four beams 200, 202, 204, 
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and 206 by lossless mirrors 203 (50% reflective), 210 (50% reflective) and 212 (100% 
reflective). If the distance between mirrors 212 and 210 in the setup of Fig. 19 is H and mirror 
208 is placed at distance H/2, exactly halfway between mirrors 210 and 212, the beams are 
delayed relative to each other as follows: delay(200-202) = de * a y(200-204) = 2H/c and 
5 delay(200-206) = 3H/c where c is the speed of light and c/4H is the initial pulse repetition rate 
of pulsed beam 12. 

Reference is now made to Fig. 20 which is a simplified pictorial illustration of a pulse 
rate multiplier 215 configured and operative in accordance with another preferred embodiment 
of the present invention. An initially linearly polarized, preferably collimated, pulsed laser 

1 0 beam 220 , is passed through a quarter wave retardation plate 222, such as the Q2 WRQ quartz 
retardation plates of Melles Griot. Quarter wave retardation plate 222 transforms the initial 
linearly polarized beam into circularly polarized beam 224 as seen from polarization indication 
226. Circularly polarized beam 224, is split into two mutually orthogonal, polarized beams 228 
and 230 by a polarizing cube beamsplitter 232, such as the 03 PBB broadband Polarizing Cube 

15 Beamsplitter of Melles Griot. 

After splitting by beam splitter 232, beams 228 and 230 have p and s polarizations 
respectively. Beam 228, which passed through the polarizing cube beamsplitter, has its 
polarization vector 234 oriented parallel to the plane of the figure while beam 230, which is 
reflected by polarizing cube beamsplitter 232, has its polarization vector 236 oriented 

20 perpendicular to the plane of the figure. 

After exiting polarizing cube 232, at a location L, beam 230 is passed through a first 
quarter wave plate 238 , back reflected by a first retro-reflector 240 such as the TECH SPECH 
retro-reflectors of Edmund Scientific and then passed again through first quarter wave plate 
238 in the opposite direction. Thus, the second time beam 230 exits first quarter wave plate 238 

25 at location J, beam 230 has its polarization vector 242, oriented parallel to the plane of the 
figure. Beam 230 enters again polarizing cube beamsplitter 232 at a location K and passes 
through it because of the new orientation of its polarization vector. 

A separation 244, between beam 230 exiting polarizing cube beamsplitter 232 at 
location L and entering the same cube at location K, is detemiined by a lateral distance between 

30 an apex 246 of retro-reflector 240 and a location M where beam 230 enters retro-reflector 240. 
This distance, in turn, is determined by the geometrical dimensions of retro-reflector 240 and 
its positioning relative to polarizing cube beamsplitter 232 . The larger the lateral distance 
between apex 246 and location M, the greater the distance between portions of beam 230 
exiting and re-entering polarizing cube beamsplitter 232. 
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^ Beam 230, exiting polarizing cube beamsplitter 232 at location N\ passes through a 

second quarter wave plate 248. Beam 230 is then back reflected by a second retro-reflector 250 
and passes through quarter wave plate 248 once again. When entering again cube beamsplitter 
232, beam 230 has its polarization vector 252 oriented perpendicular to the plane of the figure. 
5 Thus this time, beam 230, is reflected by polarizing cube beamsplitter 232. 

In a preferred embodiment of the present invention, output beam 260, is made up of 
delayed (230) and non delayed (228), beams having crossed polarization. Furthermore, beam 
230 exiting the cube beamsplitter at location R is delayed, relative to beam 228, by an amount 
of time At equal to the time it takes beam 230 to complete a "round trip from a location S to a 

10 location U in cube beamsplitter 232. By varying the distance between cube beamsplitter 232 
and first and/or second retro-reflectors 240 and 250, the time delay At, between pulsed beams 
228 and 230 at location R, can be varied. 

In a preferred embodiment of the present invention as depicted in Fig. 20, a single pulse 
in laser beam 220 is divided into two pulses, one pulse in each of beams 228 and 230 

15 respectively, which are then combined at location U of cube beamsplitter 232. The two pulses 
are separated in time by a time interval which is the same as the time interval between pulses in 
beam 220. Subsequent pulses in incoming beam 220 will undergo the same "spiitting-delaying- 
recombining" process, such that device 215 shown in Fig. 20, acts as a pulse repetition rate 
doubler. Recall that the first pulse rate multiplication device 50 described above and depicted 

20 in Fig. 2 acted as a pulse repetition rate multiplier having any multiplication factor. An 
advantage of pulse repetition rate doubler 215 in Fig. 20 is that output beam 260 retains 
substantially the same spatial and angular properties of input beam 220. 

Reference is now made to Fig. 21 which is a timing graph showing the relative timing 
and peak power of pulses 270 in input laser beam 220, the relative timing and peak power of 

25 pulses 272 and 273 in intermediate laser beams 228 and 230, and the relative timing and peak 
power of pulses 274 in output combined laser beam 260 entering and exiting the pulse 
repetition rate doubler 215 shown in Fig. 20. Pulses 270 in input beam 220 have a peak power 
p while pulses 272, 273 and 274 in intermediate beams 228 and 230 and in combined beam 260 
respectively have a peak power p/2. Thus, input beam 220 has twice the peak power of each of 

30 beams 228, 230 and 260. Beam 230 is delayed relative to beam 228. Beam 260 has twice the 
pulse repetition rate as beams 220 , 228 and 230 and twice the duty cycle. Time intervals 
between pulses 270 and 272 are equal in beams 220, and in beams 228 and 230; time intervals . 
between pulses 274 in beam 260 are equal and half the length of time intervals between pulses 
270 and 272. Beam 260 has substantially the same average power as beam 220. 
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Repetition rate multiplying device 215 also may be integrated in a single 
optomechanical device in order to obtain a stand alone pulse repetition rate doubling apparatus 
with the same structural and operational characteristics, except for the final repetition rate, as 
the pulse repetition rate multiplier 50 described above with reference to Fig. 2. 

Alternatively or additionally, more than one pulse rate multiplication device 215 may 
be used in cascade in order to obtain 4. times, 8 times, or greater multiplication of the initial 
pulse repetition rate. For example, combined output beam 260, made up of beams 228 and 230, 
may be made to enter a second pulse rate multiplication device similar to pulse rate 
multiplication device 215. In the second device, wave plate 222 is oriented at an angle relative 
to beam 260 so that beams 228 and 230, with cross polarization, will both be transformed into 
circularly polarized beams. In the second device, distances between polarizing cube 
beamsplitter 232 and retro-reflectors 240 and 250 will have to be for example, somewhat less 
than half the corresponding distances in the preceding pulse rate multiplication device 215 in 
' order to obtain equally separated (in time) final pulses (taking into account the optical path in 
the retro-reflector). It should be understood that the input quarter wave plates 222 for all pulse 
rate multiplication devices must be at a 45 degree angle to the polarization of the input beam 
220 (or 260 if in cascade). Thus, since the output 260 comprises two coincidental beams which 
are orthogonally polarized (having P and S polarizations respectively), the input quarter wave 
plate for second and subsequent doublers must be placed at a 45 degree angle with respect to 
both P and S polarizations resulting from the previous pulse rate doubling. 

Reference is now made to Fig. 22 which is a simplified pictorial illustration of a- pulse 
rate doubler configured and operative in accordance with an additional preferred embodiment 
of the present invention. Comparing Figs. 20 and 22, one sees that the devices sketched in both 
figures operate according to the same general principle. In both a linearly polarized input 
pulsed laser beam 220 is turned into a circularly polarized beam by a quarter wave retardation 
plate 222 and then split and recombined by a single polarizing cube beamsplitter 232. 

In the configuration of Fig. 22, physical dimensions and/or positioning of retro- 
reflectors 240, 250 and/or cube beamsplitter 232 are such as to force beam 230, as back- 
reflected by retro-reflector 240, to miss polarizing cube beamsplitter 232, while beam 230 as 
back-reflected by second retro-reflector 250 enters the polarizing cube beamsplitter 232, which 
combines it with beam 228. Because beam 230 misses polarizing cube beamsplitter 232, 
quarter wave plates 238 and 248 of Fig. 21 are not necessary and thus, are removed from 
configuration of Fig. 22. 
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The time graph of input beam 220, intermediary beams 228 and 230 and output beam 
260 in configuration of Fig. 22 are the same as shown in Fig. 21. Here also the delay between 
beams 228 and 230 is controlled by the distance of polarizing cube beamsplitter 232 and retro- 
reflectors 240 and 250 as well as by their geometrical dimensions. 

In some preferred embodiments of the present invention such as those sketched in Figs. 
20 and 22, delayed and non delayed beams 230 and 228 are combined and then extracted as a 
single output pulsed beam 260. This beam may be spread to provide line illumination that is 
modulated, pixel by pixel, by means well known in the art, such as the Gross patent or as 
otherwise generally described hereinabove. Whether beams 228 and 230 will be combined in a 
single output beam 260 or will be extracted as two different beams depends on a location W on 
polarizing cube beamsplitter 232, to which delayed beam 230 is directed from second retro- 
reflector 250. If beam 230 is made to coincide with beam 228 at location U in polarizing cube 
beamsplitter 232, the two beams will be combined in a single output beam 260. Otherwise the 
two beams will be separately extracted from polarizing cube beamsplitter 232. 

While the use of a single polarizing cube beamsplitter 232 in Fig 20 and 22, limits the 
multiplication of the initial pulse repetition rate by two, the use of multiple beamsplitters 52 
and 60 in Fig. 2, allows, the multiplication factor to be higher than two. The output beams 
extracted from repetition rate multipliers as shown in Figs. 20 and/or 22 are preferably 
collinear while in the multiplier shown in Fig. 2 the output beams are generally not collinear. 

The pulse repetition rate multiplying devices described above with reference to 
preferred embodiments in accordance with this invention, all retain the average power of the 
laser beam entering the device, such as a TJV laser beam used to expose photoresist in PCB 
production. The individual pulsed beam power and/or the relative delay between single pulses 
is generally less important in applications involving the direct writing on photoresists in PCB 
production. 

Reference is now made to Fig. 23 which is a schematic diagram illustrating integration 
of the present invention into a PCB production line. Linearly polarized and pulsed UV laser 
beam 280 preferably is generated by a high' power mode-locked IR laser 282 and passed 
through a frequency converter 284 operative to convert the frequency of laser 280 by harmonic 
generation. For example beam 280 is obtained from a Millennia laser, of Spectra Physics 
Lasers, at 532 nm wavelength which pumps a Tsunami mode-locked Ti:saphire laser also from 
Spectra-Physics Lasers. The output beam of the Tsunami mode- locked Ti:saphire laser is 
frequency doubled to about 390 nm. Preferably, the repetition rate of the IR laser is about 82 
MHz and its wavelength is around 780 nm. In accordance with some preferred embodiments, 
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the puise repetition rate of UV beam 230 is multiplied (e.g. 2 x, 4 x, etc.) by a pulse rate 
multiplication device 286, such as pulse rate multiplication devices 50 and 215 described 
above. Output beam 288 exiting from device 286 impinges on an optical writing device 290, 
and is scanned across the surface of a' photoresist clad PCB 292, used in the production of 
5 PCBs, by the joint action of a polygon mirror 294, in the direction of X and the lateral 
displacement of the PCB 292, in the direction of Y. Preferably, the beam 288 is spread into a 
line and portions thereof are independently modulated as described above. It is appreciated that 
if the data rate at which beam 288 is modulated by optical writing device 290 is sufficiently _ 
low compared to the pulse data rate of beam 288 the use of a pulse rate multiplication device 

10 286 is obviated. This may occur for example if optical writing device simultaneously 
independently modulates a plurality of spatial portions of beam 280. 

Thus, in preferred embodiments of the invention the pulse repetition rate of input beam 
280 may vary between 80 MHz (for no repetition rate doubling) and 320 MHz for repetition 
rate quadrupling or more for greater multiplication, while the ratio of pulses to data may vary 

15 between an average 0.75 pulses (or less) to 8 pulses per pixel to be written. It is generally 
preferable to employ a modulator operative to fix an edge of a region to be written during 
exposure by multiple laser beam pulse, particularly when a low pulse to data ratio is used. 

It will be clear to persons skilled in the art, that the scope of the present invention is not 
limited to the arrangements above described and sketched hereinabove, nor to pulsed UV laser 

20 beams. For example, pulse rate multiplication devices operating on basic principles according 
to preferred embodiments of the present invention may multiply the pulse repetition rate of any 
pulsed light beam; not only of pulsed lasers and not only of UV lasers. 

Furthermore, the aspect of the invention that utilizes a quasi- CW modulation scheme as 
described above need not operate at UV and certainly need not utilize a frequency doubled 

25 laser. In a broad aspect of the invention, any use may be made of such quasi-CW modulated 
light, as for example scanning a surface or data transmission. 

Furthermore, the present invention has been described using non-limiting detailed 
descriptions of preferred embodiments thereof that are provided by way of example and that 
are not intended to limit the scope of the invention: Variations of embodiments of the 

30 invention, including combinations of features from the various embodiments will occur to 
persons of the art. The scope of the invention is thus limited only by the scope of the claims. 
Furthermore, to avoid any question regarding the scope of the claims, where the terms 
"comprise," "comprising," "include," "including" or the like are used in the claims, they mean 
"including but not necessarily limited to". 

31 



085/01346 




CLAIMS 

1 . Apparatus for producing high repetition rate optical pulses, including: 

a pulsed laser operating at a first laser frequency that produces an initial laser beam 
5 operating at an initial pulse rate and having an initial laser frequency; 

a laser frequency converter that increases the initial laser frequency to produce a second 
laser beam having a second, higher, laser frequency; and 

a pulse repetition rate multiplier, which receives the second laser beam and produces at 
least one pulsed third light beam, having a higher pulse repetition rate than the initial rate. 

10 

2. Apparatus according to claim 1 wherein the second laser beam comprises a UV beam. 

3. Apparatus according to claim 1 or claim 2 wherein the initial laser beam is an IR beam. 

15 4. Apparatus according to claim 1 or claim 2 wherein the pulse rate of the at least one 
third pulsed light beam is at least 80 MHz. 

5. Apparatus according to claim 1 or claim 2 wherein the at least one third pulsed light 
beam comprises a plurality of light beam elements each of which has said higher pulse rate. 

20 

6. A method for producing high repetition rate laser pulses, comprising: 

providing a first laser beam pulsed at a first pulse repetition rate and having an initial 
laser frequency; 

converting the laser frequency to a higher frequency to produce the a second pulsed 
25 beam. at a second laser frequency higher than the initial laser frequency and having the initial 
pulse repetition rate; 

multiplying the pulse rate of the second pulsed light beam to produce at least one pulsed 
light beam having a higher pulse repetition rate than the initial rate. 

30 7. A method according to claim 6 wherein the second pulsed beam comprises a UV beam. 

8. A method according to claim 6 or claim 7 wherein the first laser beam is an infra-red 
beam. 
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9. A method according to claim 6 or claim 7 wherein the pulse rate of the at least one third 
pulsed light beam is at least 80 MHz. 

10. A method according to claim 6 or claim 7 wherein the at least one third pulsed light 
beam comprises a plurality of light beam elements each of which has said higher pufse rate. 

1 1. Apparatus for transmitting information at a data rate, comprising: 

a pulsed light source that produces pulsed light having a pulsed repetition rate; and 
a modulator that asynchronously modulates the pulsed light at the data rate. 

12. Apparatus according to claim 11 wherein the pulsed light source is a line source and 
wherein the modulator spatially modulates the line. 

13. Apparatus according to claim 12 wherein the modulator independently modulates 
different sections of the line at the data rate. 

14. Apparatus according to any of claims 11-13, wherein the data rate is substantially 
higher than the pulse repetition rate. 

15. Apparatus according to claim 14 wherein the pulse repetition rate is at least twice the 
data rate. 

16. Apparatus according to claim 15 wherein the pulse repetition rate is at least three times 
the data rate. 

17. Apparatus according to claim 16 wherein the pulse repetition rate is at least four times 
the data rate. 

18: Apparatus according to any of claims 11-13 wherein the pulse rate is lower than the 
data rate. 

19. Apparatus according to any of claims 11-13 wherein the pulsed light is laser light. 

20. Apparatus according to claim 19 wherein the pulsed light comprises a laser beam. 
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2 1 . Apparatus for recording an image on a photosensitive surface, comprising: 

a pulsed light source that produces pulsed light having a pulsed repetition rate; 
a modulator that modulates the pulsed light at a data rate; and 
5 a scanner that scans the modulated pulsed light over the surface. 

22. Apparatus according to claim 21 wherein the pulsed light source is a line source and 
wherein the modulator spatially modulates the line. 

10 23. Apparatus according to claim 22 wherein the modulator independently modulates 
different sections of the line at the data rate. 

24. Apparatus according to claim 21 wherein the modulation is asynchronous with the 
pulses. 

15 

25. Apparatus according to claim 22 wherein the modulation is asynchronous with-the 
pulses. 

26. Apparatus according to claim 23 wherein the modulation is asynchronous with the 
20 pulses. 

27. Apparatus according to any of claims 21-26 wherein the modulated light scans over the 
surface in a first direction and wherein the surface moves in a direction perpendicular to the 
direction of scanning such that the surface is illuminated by a raster scan. 

25 

28. Apparatus according to any of claims 21-26 wherein the photosensitive surface is a 
photoresist. 

29. Apparatus according to any of claims 21-23 wherein the data rate is the same as the 
30 pulse repetition rate. 

30. Apparatus according to any of claims 21-26, wherein the data rate is substantially 
higher than the pulse repetition rate. 
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31. Apparatus according to claim 30 wherein the pulse repetition rate is at least twice the 
data rate. 

32. Apparatus according to claim 3Kwherein the pulse repetition rate is at least three times 
5 the data rate. 

33. Apparatus according to claim 31 wherein the pulse repetition rate is at least four times 
the data rate. 

10 34. Apparatus according to any of claims 21-26 wherein the pulse rate is lower than the 
data rate. 

35. Apparatus according to any of claims 21-26 wherein the pulsed light is laser light. 

15 36. Apparatus according to claim 35 wherein the pulsed light comprises a laser beam. 

37. Apparatus according to any of claims 21-26 wherein the pulsed light is produced 
utilizing a pulsed light generator comprising: 

a beam generator that produces an initial pulsed light beam having an initial pulse 
20 repetition rate; and 

a pulse repetition rate multiplier, which receives the initial pulsed light beam and 
produces at least one pulsed light beam having a higher pulse repetition rate than the initial 
rate. 

25 38. Apparatus according to claim 37 and including a second repetition rate multiplier that 
receives an output beam from the repetition rate multiplier and produces an output beam having 
a repetition rate higher than the repetition rate of the beam that it receives. 

39. Apparatus according to claim 37 wherein the first repetition rate multiplier and the 
30 second multiplication rate multiplier each double the repetition rate. 

40. Apparatus according to claim 37 wherein the increased pulse repetition rate is twice the 
initial pulse rate. 
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41. Apparatus according to claim 37 wherein the increased pulse repetition rate is three 
times the initial pulse rate. 

42. Apparatus according to claim 37' wherein the increased pulse repetition rate is four 
times the initial pulse rate. 

43. Apparatus according to claim 37 wherein the increased pulse repetition rate is greater 
than four times the initial pulse rate. 

44. Apparatus according to claim 37 wherein the pulsed light beam generator generates a 
laser beam. 

45. Apparatus according to claim 44 wherein the laser beam generator comprises: 
a pulsed laser operating at an initial laser frequency; 

a laser frequency converter that increases the laser frequency to produce the light beam. 

46. Apparatus according to claim 45 wherein the pulsed laser comprises a mode locked 
laser. 

47. Apparatus according to claim 45 wherein the pulsed laser is an infra-red laser. 

48. Apparatus according to claim 47, wherein the light beam is a UV laser beam, 

49. Apparatus according to claim 47 wherein the power contained in the higher repetition 
rate pulses is substantially equal to the power of the initial pulsed light beam. 

50. A method for transmitting information at a data rate comprising: 
providing pulsed light that is pulsed at a pulse repetition rate; and 
asynchronously modulating the pulsed light at the data rate. 

51. A method according to claim 50 wherein the pulsed light source is a line source and 
wherein modulating comprises spatially modulating the line. 
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52. A method accordi ng to claim 51 wherein different sections of the line are independently 
modulated at the data rate. 

53. A method for recording an image on a photosensitive surface, comprising: 
providing pulsed light that is pulsed at a repetition rate; 

modulating the pulsed light at a data rate; and 
scanning the modulated pulsed light over the surface. 

54. A method according to claim 53 wherein the pulsed light source is a line source and 
wherein modulating comprises spatially modulating the line. 

55. A method according to claim 54 wherein different sections of the line are independently 
modulated at the data rate. 

56. A method according to claim 53 wherein the modulation is asynchronous with the 
pulses. 

57. A method according to claim 54 wherein the modulation is asynchronous with the 
pulses. 

58. A method according to claim 55 wherein the modulation is asynchronous with the 
pulses. 

59. A method to any of the claims 53-58 wherein the modulated light scans over the surface 
in a first direction and wherein the surface moves in a direction perpendicular to the direction 
of scanning such that the surface is illuminated by a raster scan. 

60. A method according to any of claims 53-58 wherein the photosensitive surface is a 
photoresist. 

61. A method according to any of claims 53-58 wherein the data rate is the same as the 
pulse repetition rate. 
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62. A method according to any of claims 53-58, wherein the data rate is substantially higher 
than the pulse repetition rate. 

63. A method according to claim 62 wherein the pulse repetition rate is at least twice the 
data rate. 

64. A method according to claim 63 wherein the pulse repetition rate is at least three times 
the data rate. 

65. A method according to claim 63 wherein the pulse repetition rate is at least four times 
the data rate. 

66. A method according to any of claims 53-58 wherein the pulse rate is lower than the data 
rate. 

67. A method according to any of claims 53-58 wherein the pulsed light is laser light. 

68. A method according to claim 67 wherein the pulsed light comprises a laser beam. 

69. .A method according to any of claims 53-58 wherein providing the pulsed light 
comprises: 

generating an initial pulsed .light beam having an initial pulse repetition rate; and 
multiplying the initial pulse to produce at least one pulsed light beam having a higher 
pulse repetition rate than the initial rate. 

70. A method according to claim 69 and including further multiplying the at least one 
pulsed light beam to produce an output beam having a repetition rate higher than the repetition 
rate of the at least one pulsed light beam. 

71. A method according to claim 70 wherein multiplying and further multiplying each 
double the repetition rate. 

72. A method according to claim 69 wherein the increased pulse repetition rate is twice the 
initialpulse rate. 
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-73. A method according to claim 69' wherein the increased pulse repetition rate is three 
times the initial pulse rate. 

74. A method according to claim 69 wherein the increased pulse repetition rate is four times 
the initial pulse rate. 

75. A method according to claim 69 wherein the increased pulse repetition rate is greater 
than four times the initial pulse rate. 

76. A method according to claim 69 wherein the pulsed light beam is a laser beam. 

77. A method according to claim 76 wherein providing the pulsed laser beam comprises: 
providing a pulsed laser that produces initial laser pulses at an initial laser frequency; 
converting the laser frequency to a higher frequency to produce the light beam. 

78. A method according to claim 76 wherein the pulsed laser comprises a mode locked 
laser. 

79. A method according to claim 77 wherein the initial pulses are in the infra-red. 

80. A method according to claim 69, wherein the light beam is a UV laser beam. 

81. A method according to claim 69 wherein the power contained in the higher repetition 
rate pulses is substantially equal to the power of the initial pulsed light beam. 

82. Apparatus according to any of claims 21-26 wherein: 

the modulator selectably modulates portions of the beam, wherein said portions are 
delivered pulse by pulse to spatially overlapping regions of a photosensitive surface to build up 
a pixelized pattern. 

83. Apparatus for exposing a pattern on a photosensitive surface comprising: 

a laser light source providing a beam formed of successive substantially instantaneous 
laser pulses separated by a time interval; 
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a data signal source that provides data signals; 

a modulator that receives the beam and the data* signals and selectively modulates the 
beam with a modulating signal responsive to the data signals for a time period longer than said 
time interval, such that the modulating signal is operative to modulate at least two successive 
pulses; and 

an optical subsystem that receives the modulated beam and projects an image of the 
modulator onto a photosensitive surface to expose a pattern thereon according to said 
modulating signal. 

84. Apparatus according to claim 83 wherein the modulator is an acousto-optical 
modulator. 

85. Apparatus according to claim 84 and wherein the modulating signal is an acoustic, 
wave. 

86. Apparatus according to any of claims claim 83-85 and wherein atf attribute of the 
modulating signal changes between at least some of the two successive pulses. 

87. Apparatus according to claim 85 wherein an attribute of the modulating signal changes 
between at least some of the two successive pulses and wherein the modulator has a defined 
length, and the attribute is the length of the acoustic wave in the modulator. 

88. Apparatus according claim 87 and wherein the shape of a spot formed by a pulse in the 
beam, as projected by the optical subsystem, is at least partly defined by the length of the 
acoustic wave in the modulator. 

89. Apparatus according to claim 87 and comprising a scanning subsystem for scanning the 
image of the modulator along the photosensitive surface. 

90. Apparatus according to claim 89 wherein the acoustic wave propagates in the modulator 
at a first velocity having a first rate of propagation and a first direction, and the image of the 
modulator is scanned across the photosensitive surface at a velocity that is related to the 
velocity of propagation of the acoustic wave, but in the opposite direction. 
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91 . Apparatus for exposing a pattern on a photosensitive surface com prising: 

a laser light source providing a beam formed of successive laser pulses; and 

a modulator selectably modulating the beam to provide a multiplicity of pulses 

available to write a pattern, wherein at least some of the pulses available to write a pattern have 
5 different spatial shapes; and 

a scanner to scan the multiplicity of pulses available to write a pattern onto a 

photosensitive surface to form a pattern thereon. 

92. Apparatus according to claim 91 and wherein the laser light source is a mode-locked 



93. Apparatus according to either claim 91 or 92 and wherein the modulator is an acousto- 
optical modulator. 

1 5 94. Apparatus according to claim 93 the spatial shape of a pulse is defined by an acoustic 
wave in the modulator. 

95. Apparatus according to claim 94 and wherein each pulse available to write -a pattern 
exposes a spatially defined region on the photosensitive surface. 



96. Apparatus according to claim 95 and wherein at least some spatially defined regions 
mutually overlap each other. 
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